CHAT11ERJEE
ment sites on treatment of walls with exo-3-Nacetyl-glucosaminidase. Evidence presented here shows that, in S. aureus H, GlcNAc present in cell wall teichoic acid is essential for phage inactivation; furthermore, teichoic acids containing a-or :-linked GlcNAc are equally effective. Our evidence also suggests that ester-linked D-alanine of wall teichoic acid may be necessary for phage inactivation.
MATERIALS AND METHODS Bacterial and phage strains. A spontaneous streptomycin-resistant mutant was selected from the sensitive parent S. aureus H by growth in the presence of streptomycin (1 mg/ml). The streptomycin-resistant strain, designated S. aureus H (SmR), was used in this investigation. The strains S. autreus Wood, S. aureus Al, S. aureus 3528, and S. aureus 263-KS-6-10 were gifts from P. Oeding. Phage K was a gift from D. Ralston. All other strains of bacteria and phages used were obtained from Sylvania Co. All the bacterial strains were purified by selection of an isolated clone; the phage stocks were prepared from isolated plaques. Bacterial strains were maintained on Brain Heart Infusion Agar (BHIA; Difco); phage were stored at 4 C in Trypticase Soy Broth (TSB; Difco).
Preparation of high-titer phage stocks. High-titer stocks were prepared by the following modification of the agar overlay method (1) . Nutrient agar plates with an overlay of 2.5 ml of soft (0.7%) Trypticase Soy Agar (TSA; Difco) were used. Approximately 3 X 104 phage particles and 108 log-phase cells of the propagating strain were added per plate. After 10 hr at 37 C, phage were eluted by adding 7 ml of TSB per plate and gently shaking the plates (so as not to detach cells and cell debris from the plate) for 1 hr at 2 C. Emulsification of the soft agar by diluents gave only 10% of the normal yield. The supernatant fluid was then centrifuged at low speed and finally filtered through a membrane filter (0.45 nm; Millipore Corp., Bedford, Mass.). The yield of plaque-forming units was about -4 X 1010 to 5 X 1010 per ml. Gelatin (0.01%) was added to the final filtrate. The gelatin helped to preserve the phage, although the titer of phage 52A drops about 10% per month at 2 C.
Isolation of cell walls. Late-log-phase cells (optical density of about 3.4 at 585 nm with a 1.0-cm light path) were mechanically disrupted with glass beads in a Braun homogenizer as previously described (5) . The entire procedure was carried out in the cold except as noted. The suspension of broken cells and beads was treated with deoxyribonuclease and ribonuclease (each at 2 ,ug/ml; both crystalline preparations from Worthington Biochemical Corp., Freehold, N.J.) for 30 min. Glass beads were then removed by filtration through sintered glass, and whole cells and cell debris were removed by two centrifugations of 5 min each at 1,950 X g. The cell walls were then sedimented by centrifugation at 12,100 X g for 10 min. The material was then suspended in 0.05 M tris(hydroxymethyl)-aminomethane (Tris) buffer (pH 7.2) and heated at 90 C for 8 min to inactivate autolytic enzymes. Cell walls were then sedimented by centrifugation, resuspended in 0.05 M Tris buffer (pH 7 .80) at a concentration of about S mg/ml, and incubated at 37 C with trypsin (100 ,g/ml) (Worthington Biochemical, 2X crystalline) for 1 hr. The suspension was then centrifuged at 1,950 X g for 5 min, and the cell walls were pelleted by centrifugation of the supernatant fluid at 12,100 X g for 15 min. The pellet was washed four times with 0.05 M Tris buffer (pH 7.40) containing 1.0 M KCI and three times with water. The cell walls were finally suspended in water (about 10 mg/ml, dry weight) dispensed in small volumes and stored below -10 C. Purity of each cell wall preparation was checked in a phase-contrast microscope and also in the Technicon amino acid analyzer. The yield of cell walls was about 8% of the whole cells (dry weight). In a few cases walls were prepared by grinding with alumina. Biological activity of the different cell wall preparations was comparable.
Assay of phage inactivation by cell walls. Assay of phage inactivation by cell walls was done by following the decrease in phage titer after incubation of phage particles with cell walls in TSB at 35 C. Samples were withdrawn at intervals, and, after necessary dilution in TSB, the surviving phages were assayed by plating on nutrient agar plates with an overlay of soft TSA. In some early experiments, the walls were first removed by centrifugation; however, since this made no difference, this process was discontinued. Addition of CaCI2 at 100 ,g/ml, which has been reported to be necessary for phage absorption in S. aureus (28) ance to streptomycin (1 mg/ml), were finally transferred to BHIA slants. Isolation of teichoic acid. To isolate teichoic acid, cell walls (5 mg/ml), in a saturated solution of LiCNS, were shaken at room temperature for 24 hr (16). The cell walls were then removed by centrifugation, and the supernatant fluid was dialyzed exhaustively against distilled water in the cold. Teichoic acid was precipitated from the dialysate by the addition of three volumes of cold 95% ethyl alcohol. After 24 hr in the cold, teichoic acid was collected by centrifugation and washed with ether.
Hydrolysis of cell walls and teichoic acid. Walls were hydrolyzed by 6 N HCI at 100 C for 15 hr for examination with an amino acid analyzer or with 4 N HCl for 4 hr at 100 C for analysis by paper chromatography. Teichoic acid was hydrolyzed with 2 N HCl for 4 hr at 100 C. All hydrolyses were done in sealed tubes and in each case HCl was removed by repeated evaporations on a rotary evaporator.
Paper chromatography. All runs were for 18 hr in the descending direction with Whatman 3MM paper.
The following solvents were used: n-butyl alcoholpyridine-water (6:4:3); n-butyl alcohol-acetic acidwater (67:23: 10); n-propyl alcohol-aqueous ammonia (specific gravity 0.88)-water (6:3: 1). Papers were dipped in ninhydrin solution (0.5% in acetone) and heated at 60 C for 10 min for detection of amino acids and amino sugars. Alcoholic AgNO3 was used for detecting polyols and reducing sugars (33) .
Other methods. Quantitative analysis of cell wall components was done in a Technicon amino acid analyzer. Results were computed from a standard containing the wall amino acids and amino sugars that had been heated with HCl under identical conditions. Total amino sugar content in teichoic acid hydrolysates was determined by the modified Elson Morgan method (26) , and the amount of any contaminating muramic acid was calculated by comparing the extinctions in glycine and borate buffers (31) . Total phosphate was determined by the method described by Chen et al. (6) . Ester-linked D-alanine was determined by incubation of the sample for 1 hr at 37 C with 0.2 N NaOH followed by estimation of the D-alanine released by a modification of the enzymatic method (13) . O-acetyl was assayed by the hydroxamate method (17); a correction was applied for the interference due to the formation of alanyl hydroxamate from ester-linked D-alanine. The molar extinction of alanyl hydroxamate was 20% of that of acetyl hydroxamate. Walls were sonically treated in a Biosonik III machine (Bronwill Scientific, Rochester, N.Y.) with the small probe and a setting of 20.
RESULTS
Of the 19 typing phages in current use, only 52A, 79, and 80, all belonging to the lytic group I and serological group B (34), were found lytic for S. aureus H (SmR). The initial studies were conducted with all three of these phages. However, since there seemed to be no detectable difference in their relevant properties (e.g., cross immunity of lysogens, identical kinetics of inactivation with cell walls, and identical response to cell walls modified chemically or as the result of mutation), phage 52A was chosen to be used in most of these experiments because of its higher stability and the relative ease in preparation of high-titer phage stocks.
Inactivation of phage 52A by cell walls of S. aureus H(SmR). Suspensions of cell walls (10 Ag = 5 X 107 cell walls) andphage particles (2.5 X 10 plaque-forming units) were incubated in TSB in a total volume of 1.0 ml at 34 or 2 C. At the indicated intervals, 0.1 ml of the incubation mixture was directly plated on a lawn ofS. aureus H(SmR). were not pretreated with trypsin had only about 20% of the ability to inactivate phages. Sonic oscillation of the walls increased both the rate and the capacity of the walls to inactivate phage 52A (Fig. 1 , Table 1 ). No difference was noted when the period of sonic oscillation varied between 5 and 20 min, and no phage-inactivating activity could be detected in the supernatant fluid of a sonically treated wall suspension (12,100 X g for 15 min). Inactivation of phage was found to be irreversible in the sense that dilution of the mixture of phages and cell walls after incubation at 34 C did not increase the number of viable phages recovered. It was also observed (Fig. 1 ) that the rate of inactivation was greatly reduced at 2 to 3 C compared to the rate at 34 C. Both of these results have been cited as evidence for irreversible inactivation (12) . Effect of acid and alkali. The phage-inactivating activity of cell walls was unaffected by lipid solvents or by extraction with cold 5 % trichloroacetic acid for 1 hr. However, treatment with 0.1 N NaOH at 37 C for 10 min or 5% trichloracetic acid for 5 min at 90 C rendered the walls completely inactive. Hot trichloroacetic acid is known to extract teichoic acid and to remove O-acetyl groups (substituted on C-6 of muramic acid) (32) from cell walls, whereas mild alkali is more specific in that it removes only the ester-linked groups without removing the remainder of the teichoic acid. Since this indicated that O-acetyl groups or ester-linked D-alanine, or both, might participate in phage inactivation, the cell walls of phage-resistant mutants were examined carefully for the presence of these constituents. Attempts to remove selectively one of these constituents by using milder conditions of extraction proved unsuccessful.
Phage-resistant mutants of S. aureus H (SmR).
These strains, with one exception, were shown to be nonlysogenic by the absence of free phage in culture fluids, and by the lack of plaques when about 200 cells of one of these resistant mutants were plated on a lawn of the parent strain S. aureus H(SmR). This precaution was necessary because all the known typing phages are temperate (27, 30) , and in my experience 24 out of 24 phage-resistant colonies isolated without any mutagenesis were lysogenic. The growth rate of all these mutants in TSB or PYK medium at 37 C was the same as that of S. aureus H (SmR) with a doubling time of 30 min, except for strains 52A5 and 52A7 which doubled in about 42 min. Cell walls were isolated from the phage-resistant strains, and, based on their ability to inactivate phages, the strains were divided into two groups ( Table 2 ): those that inactivated phages 52A, 79, and 80 (group I) and those that did not (group II). The phosphorus, O-acetyl, and esterlinked D-alanine content of these walls is shown in Table 3 . There was no significant variation in O-acetyl content in any of these strains. However, cell walls of two members of group II were deficient in phosphorus and ester-linked D-alanine (Table 3 ). The phosphorus content of the walls of these two mutants, strains 52A5 and 52A7, was less than 20% of normal and their ester-linked D-alanine content was less than 5 % of normal. Two strains of group II, 52A2 having a normal level of phosphorus and ester-linked D-alanine, and 52A5 having a reduced amount of these constituents, were chosen for further analysis. On examining the cell wall hydrolysates in the amino acid analyzer, no difference was found in those components which are found only in the murein, and the molar ratio of these components was identical to that of S. aureus H (SmR). The amount of murein in the cell wall of 52A5 was There was no detectable glucosamine in strains 52A2 and 52A5, and the phosphorus content of S. aureus 52A5 was less than 20% that of the other strains. The absence of glucosamine in teichoic acid of S. aureus 52A2 and S. aureus 52A5 was also confirmed by paper chromatography. This result indicates that all group II mutants listed in Table 4 completely lack GlcNAc in their teichoic acid. This correlation between the absence of glucosamine in the teichoic acid of group II mutants with their inability to inactivate phage shows that teichoic acid glucosamine is needed for phage inactivation in S. aureus H.
It was possible that failure of the group II mutants to inactivate phages was due to the production of a capsular polymer that interfered with phage binding, since such a mutant has been isolated in our laboratory (T. Wu, personal communication). To detect such a polymer, cold trichloroacetic acid extracts (10% trichloroacetic acid, 18 hr at 2 to 3 C) were prepared from cell walls of S. aureus H (SmR), S. aureus 52A2, S. aureus 52A5, and a strain of S. aureus known to contain a capsular polymer. These were hydrolyzed (6 N HCI, 2 hr at 100 C) and analyzed by paper chromatography. No extra component was detected with strains S. aureus H (SmR), S. aureus 52A2, and S. aureus 52A5, whereas additional sugars were readily detected with the capsular strain. Furthermore, cell walls isolated from each of the group II mutants were hydrolyzed and the products were analyzed by paper chromatography. The developed chromatograms (both with ninhydrin and AgNO3) were in each case superimposable on that of S. aureus H (SmR). This would also rule out the possibility of substitution of ribitol teichoic acid by glycerol teichoic acid as was reported in the walls of phage-resistant mutants of S. aureus (35) . Since these phage-resistant mutants were also reported to be coagulase-negative (18) , several of the group II mutant strains (52A2, 52A4, 52A5, and 52A7) were checked for their ability to produce coagulase and all were found to be coagulasepositive.
Phage inactivation by strains of S. aureus with only a-or ,3-linked GlcNAc in their teichoic acid. Since GlcNAc present in cell wall teichoic acid seemed to be needed for phage inactivation, the importance of the anomeric linkage of GlcNAc was investigated. The strains S. aureus Wood and S. aureus Al, reported to have only 13-linked GlcNAc (10) , and the strains S. aureus 3528 and S. aureus 263-KS-6-10, reported to have only alinked GlcNAc (10, 22) in their ribitol teichoic acids, were used for this purpose. The anomeric configuration of GlcNAc present in isolated teichoic acids of the strains S. aureus Wood and S. aureus 3528 was confirmed with the help of pig exo-1-N-acetyl-D-glucosaminidase (kindly given by J. Conchie). This enzyme liberated about 95 % of the GlcNAc from the teichoic acid of S. aureus Wood, whereas less than 3 % of the GIcNAc was liberated from the teichoic acid of S. aureus 3528. Phage inactivation capacity by the isolated cell walls of each of these strains was measured. The isolated walls from these strains have similar phage-inactivating properties (Table 6 ) which are comparable to those with walls isolated from S. aureus H (SmR) ( Table 1) . Thus, the nature of anomeric linkage of GlcNAc in teichoic acid is not crucial for phage inactivation.
Host-range mutants of phage 52A. Host-range mutant phages capable of lysing strains of S. aureus lacking GlcNAc in their cell walls were isolated as described below. About 5 X 108 logphase cells of the various phage-resistant mutants belonging to group II (cell walls which do not inactivate phages) were added to nutrient agar plates containing a lawn of 52A phage particles (about 5 X 10"°). After incubation for 18 hr at 37 C, discrete plaques (20 to 30 per plate) were observed with each of these mutant strains, except for 52A5 and 52A7. A high-titer stock of the host-range mutant phage 52Ah was prepared from a single isolated plaque produced on S. aureus 52A2. The host-range mutant phage 52Ah was found capable of lysing S. aureus H (SmR) as well as all the strains of staphylococci belonging to group II, with the exception of the teichoic aciddeficient strains 52A5 and 52A7. An attempt by a similar method to select further mutants from the host-range mutant 52Ah that could lyse S. aureus 52A5 and S. aureus 52A7 was unsuccessful. The host range of the mutant phage 52Ah was limited in the sense that it could not lyse any of the phage-resistant strains of group I or coagulasenegative staphylococci. The mutant strains belonging to group I (the walls of these strains inactivate phages), when infected at such a high multiplicity of infection with phage 52A, exhibited semiconfluent lysis, presumably due to lysis from without. Such a lysis of an S. aureus strain under high multiplicity of infection that is independent of phage infectivity has been reported before (23) . Experiment with phage K. In, contrast to the typing phages which are temperate and have a restricted host range (24) , phage K is virulent and lyses both coagulase-positive and coagulasenegative strains of staphylococci (24) . Phage K was found to be able to lyse all the phage-resistant mutant strains of both groups I and II, with the exception of the two strains 52A5 and 52A7. Not a single plaque was observed even on plating 109 phage K particles on a lawn of S. aureus 52A5 or S. aureus 52A7.
Loss of phage-inactivation ability upon solubilization of walls. All attempts at phage inactivation with isolated teichoic acid have so far been unsuccessful. Cell walls degraded by muralytic enzymes, either by the charolopsis B enzyme (15) or by an autolytic enzyme from S. aureus H that cleaves the bond between muramic acid and Lalanine (H. J. Singer, personal communication), lost their ability to inactivate phage. A similar loss of activity in S. aureus strain Copenhagen, when the walls were treated with Myxobacter ALl enzyme and Streptomnyces F, endo-N-acetyl glucosaminidase, has been recently reported (8) . DISCUSSION This work illustrates that selection for phage resistance can be useful for the isolation of bacterial strains with altered cell wall composition. In addition to elucidating the nature of phage receptor site of S. aureus, the present work has led to the isolation of two different kinds of cell wall mutants with lesions in the teichoic acid. One class of mutants lacks GlcNAc; the other class is also deficient in cell wall phosphorus and esterlinked D-alanine. These latter strains also grow more slowly than the other strains and, hence, may be carrying several mutant genes. However, I have been able to isolate spontaneous wild-type revertants from the mutant strain 52A5 (A. N. Chatterjee, unpublished data). Hence, it is believed that a single step pleiotrophic mutation is involved. Teichoic acid is a major cell wall constituent of many gram-positive bacteria, but we do not yet have any precise information regarding its biological role. The apparent pleiotrophic effects observed may suggest that teichoic acid serves an important and as yet unidentified function. Isolation and study of mutant strains which have specific lesions in their teichoic acid could lead to a better understanding of its role in bacterial cells.
Results presented in this report show that arations was found to be strictly comparable. This result is rather surprising, for one would have imagined a much more specific stereospecific requirement for the initial attachment of the phage particle to the cell surface. A role for ester-linked D-alanine of cell wall teichoic acid in phage inactivation is suggested by the failure of cell walls to inactivate phages when they have been treated with dilute alkali. Such a treatment (0.1 N NaOH at 37 C for 15 min) removes only O-acetyl groups and ester-linked D-alanine from cell walls. As the GlcNAc of teichoic acid has been shown to participate in phage inactivation, it is more logical to assume that D-alanine, which is also a component of teichoic acid, is involved in this process, rather than O-acetyl groups which are bound to murein. Also the two phage-resistant strains 52A5 and 52A7, which have a proportionately low content of ester-linked D-alanine, are the only mutants belonging to the group II which are resistant to the host-range mutant phage 52Ah and the polyvalent phage K. Strains 52A5 and 52A7 also have a normal content of O-acetyl groups. The low level of cell wall phosphorus in these strains could be due either to a decrease in the chain length or in the number of teichoic acid molecules. Further investigations on the chemistry of the cell walls of these mutants are currently under progress in this laboratory.
This work also confirms previous observations that the ability of isolated cell walls to inactivate a particular phage is not related to the susceptibility of the cells to phage infection. Thus, whereas isolated cell walls of propagating strains S. aureus 55, S. aureus 42D, and S. aureus 4E, and cell walls of some of the phage-resistant mutants (group I) could inactivate phages 52A, 79, and 80, none of these phages could lyse any of these bacterial strains. The ability of the phage K to lyse staphylococcus strains belonging to both groups I and II is remarkable. Thus, this phage differs both in its requirements regarding the nature of the receptor molecule on the cell wall and also in its ability to replicate in bacterial strains in which the typing phages are normally restricted. The host-range mutant phage 52Ah showed greater specificity than the phage K by its inability to lyse mutant strains belonging to group I and coagulase-negative staphylococci.
Under optimal conditions, about 600 particles of phage 52A were inactivated per cell wall of S. aureus H (Table 1) . A similar figure for S. aureus strain Copenhagen was recently published (8) . It is probable that, in an intact cell, not all the inactivation sites are accessible to the phages. This is suggested by the fact that both trypsin treatment and sonic oscillation ( Table 1 , Fig. 1 ) increase the inactivation efficiency of the cell walls. A similar conclusion was reached regarding the site of location of teichoic acid in the cell wall of B. subtilis based on the extent of binding of antiteichoic acid antibody by isolated cell walls (4) .
Finally, I would like to stress the importance of the murein layer in phage inactivation. Muralytic enzymes which hydrolyzed either the polysaccharide backbone or the amide link between muramic acid and L-alanine rendered the walls completely inactive. Conceivably the murein layer provides a rigid structure supporting the teichoic acid molecules; however, the possibility of a more direct participation by the rigid murein polymer in phage inactivation cannot be ruled out.
